Abstract : This paper introduces a new digital filter utilizing a SINC filter used in ΔΣ A/D converters and featuring 50/60 Hz power-line noise rejection. Compared with a simple series connection of the SINC filter and a noise suppression filter for the power-line, this digital filter reduces the number of gates by approximately 40% and enables the attenuation of 50 Hz and 60 Hz elements by approximately 55 dB.
Introduction
ΔΣ A/D converters have been developed mainly for applications in audio equipment, and recent years have seen their broad use in measurement equipment as an alternative to conventional successive-approximation A/D converters in applications for sensing temperature, pressure, flow rate, etc., due to their high SNR.
A SINC filter is widely used as the low-pass digital filter in ΔΣ A/D converters [1] , [2] . In sensing applications, there is a need to reject the 50 Hz or 60 Hz elements, which are powerline frequencies. Either a 50 Hz or 60 Hz notch filter may be sufficient for use in a given application, but implementing both notch filters in advance is preferable because the A/D converter can be used without regard to the power-line frequency. A simple serial connection using the SINC filter and the two notch filters are problematic because it results in a larger circuit size. Needless to say, a larger circuit size results in higher power consumption and costs, thus it has been an issue facing the integration of both the 50 Hz and 60 Hz notch filters on a silicon chip. This paper proposes a new structure for a digital filter comprising the SINC filter and the two notch filters in order to reject 50 Hz and 60 Hz power-line noise and reduce the number of gates by approximately 40% compared to the conventional structure.
Delta-Sigma A/D Converters
The delta-sigma analog-to-digital (A/D) converter consists of a delta-sigma modulator and a decimation filter [1] , [2] . The delta-sigma modulator samples the input signal with a higher frequency than its Nyquist rate, i.e. the twice of the input signal frequency. The frequency of the input signal is, say, below 100 Hz in measurements of temperature, pressure and so on. The delta-sigma A/D converter samples the signal with 10 kHz or even faster. The sampled data is modulated with its previous data through a feedback of an integrator and a comparator * Product Development Department, Technology Development Headquarters, Azbil Corporation, 1-12-2 Kawana, Fujisawa, Kanagawa 251-8522, Japan E-mail: h.kuribayashi.6n@azbil.com, t.kajita.35@azbil.com (Received October 30, 2016) (Revised January 20, 2017) Fig. 1 The delta-sigma modulator. ( Fig. 1) . The delta-sigma modulator acts like a servo-system and the output of the modulator follows the input signal. Standard delta-sigma modulators output one bit from the comparator. The input analog signal, for an A/D converter is converted to one-bit digital pulse train. The output pulse train contains the input signal and lots of quantized error injected at the comparator.
Oversampling helps the quantized noise spread broadly. The noise power around the input signal is lowered compared with the Nyquist rate A/D converter. The integrator in the deltasigma modulator shapes the quantized noise. The quantized noise around the input signal is much lower after all. Even the noise power around the input signal is lower, the total noise power is much higher due to the one-bit quantization but most of the quantized noise is pushed away to the high frequency domain due to the delta-sigma modulation (Fig. 2) .
Unwanted quantized noise in the higher frequency is removed and the digitized input signal is truncated with a digital low-pass filter. The frequency of the sampled data is much higher than desired signal so that the low-pass filter is also works as the decimation filter in averaging process.
There are lots of ways to realize the digital low pass filter but its small area size is preferable to implement it on a sili-JCMSI 0003/17/1003-0165 c 2016 SICE con chip. A SINC filter is well known as the decimation filter because its structure is very simple. The SINC filter removes the quantized noise of the delta-sigma modulator but still an additional filter is usually needed. The power line frequency is sometimes superimposed on the input signal even though the length of wiring from the sensor to the A/D converter is minimized and the circuit board is designed carefully. The power line noise suppression is strongly demanded in especially sensing applications with affordable additional costs.
This paper proposes the way to reduce the area of the digital filters which consist of the SINC filter and the power-line noise suppression filter (Fig. 3 ). The details are described in the following sections.
Digital Filter Transfer Function
As shown in Fig. 4 , a SINC filter consists of a serially connected accumulator and differentiator [3] . Its transfer function is shown in (1) . Since a second-order ΔΣ modulator is used for the required accuracy, a third-order SINC filter, known as SINC3 filter, is chosen here in our ΔΣ A/D converter. The SINC3 filter is a serial connection of three SINC filters as shown in (2) . Here, N indicates the oversampling ratio during ΔΣ modulation:
Next, a digital filter is presented for rejecting 50 Hz and 60 Hz power line noise. A SINC filter has notch frequencies which are equal to the output data rate and its harmonics, hence if the output data rate is 50 Hz, a SINC filter can reject 50 Hz elements. In the same way, if the output data rate is 60 Hz, a SINC filter can reject 60 Hz elements. However, in this method a SINC filter cannot reject 50 Hz and 60 Hz elements at the same time. In addition to it, this method causes the output data rate to decrease. A digital filter which has narrow bandwidth notch frequencies is presented in [4] . However, this digital filter needs many logic gates for rejecting 50 Hz and 60 Hz elements and measuring DC signal. Furthermore, this digital filter has long output latency. For these reasons, moving average filters are selected for reduction of the 50 Hz and/or 60 Hz elements in the power-line source. Assuming the output data rate is 10 ms/data or 100 SPS (samples per second), the moving average of two samples eliminates the 50 Hz elements (Fig. 5(a) ). Likewise, 60 Hz elements can be rejected using a five-point average (Fig. 5(b) ). The two-point average filter can be designed (see Fig. 6(a) ), and the five-point filter shown in Fig. 6(b) . The transfer functions for the notch 50 Hz filter and 60 Hz filter are shown in (3) and (4) respectively:
Therefore the SINC3 filter and the two average filters are connected in cascade to get the output from the delta-sigma A/D converter and to reduce the power-line noise (Fig. 7) . Based on (2), (3), and (4), the transfer function for the whole digital filter which has the notch filter and the SINC3 filter used to decimate 50 Hz and 60 Hz elements is shown in (5):
where
The frequency response of the digital filter gained by substituting z for (5) is shown in Fig. 8 . It shows that this digital filter has the property of attenuating the 50 Hz and 60 Hz input signals by approximately 55 dB. 
Digital Filter Using This Method
The actual number of gates of this digital filter implemented on a silicon chip is described in the following sections. Looking at the numerators and denominators in the transfer function (5), the SINC3 filter differentiator and the notch 50 and 60 Hz filter integrators offset each other, resulting in the transfer function shown in (6):
This manipulation is reasonable to see in Fig. 9 . The integrators and the differentiators are cancelled out. The circuit becomes simpler.
Furthermore, a counter that clears every count (N) as shown in (7) is conceivable as the primary SINC filter. As such, configuring one of the accumulators used in (7) as a counter with synchronized reset will enable the elimination of one differentiator (Fig. 10 ) [1] :
Based on the above, a block diagram of the proposed digital filter with power-line noise suppression is shown in Fig. 11 . 
Digital Filter Bit Width
As shown in Fig. 11 , because this digital filter contains an accumulator, overflow is always produced during use. However, this overflow can be ignored by setting a bit width for the internal arithmetic circuit and register based on the two's complement wrap-around property, the signed number representation typically used in digital circuit design, and (8):
Here, b indicates the bit width of the signal input to the digital filter, and s is the sign bit (1 bit) [3] . Assuming the output of the ΔΣ modulator used here as 1 bit, when the digital filter input signal is set to 1 bit and the maximum value for N (oversampling ratio) is 4096, then according to (8) the bit width required for SINC3 is 38 bits. Furthermore, taking into consideration the two-point moving average for the notch 50 Hz and the five-point moving average for the notch 60 Hz filters, setting the bit width for the internal register and arithmetic circuit to 41 bits can resolve the problem of overflow. Here, depending on the required level of precision, there is no need to set all the arithmetic circuits and internal registers in the digital filter to the value gained through (8). For example, if 24 bits are sufficient as the output for the digital filter, then further reduction of the number of gates can be achieved by rounding off the bit width at the differentiator stages, shown here in the broken line in Fig. 12 [3] . In this case as well, achieving accurate values requires a configuration that validates wrap-around in the internal calculations.
Simulation Results

MATLAB
1 simulation verified the designed digital filter. The input signal for this filter is prepared using the delta-sigma modulator with DC input signal and 50 Hz and 60 Hz noise (Fig. 13) . Both 50 Hz and 60 Hz may not be superimposed to the input signal at the same time in the real world and the noise power may not be so strong but this situation is more severe for testing. Figure 14 shows the filter results without 50 Hz and 60 Hz reduction. Sampling rate after decimation is 100 Hz in Fig. 14 , so an alias frequency of 60 Hz noise can be seen at 40 Hz in addition to the power-line noise at 50 Hz and 60 Hz.
The same input with the power-line noise of 50 Hz and 60 Hz is applied to the proposed digital filter. The output result is shown in Fig. 15 . The power-line noises are rejected enough.
The effectiveness of the proposed digital filter depends on the Table 1 The number of gates comparison of digital filters with power-line noise suppression.
output rate of the decimation filter. Therefore, if the output rate of the decimation filter is changed, the number of internal registers for the differentiators in the notch 50 Hz and 60 Hz filters must be also changed. For example, if the output data rate is 200 SPS, the notch 50 Hz and 60 Hz filters need twice as many registers as the notch filters of which the output rate is 100 SPS need. However, in case of rejecting 50 Hz and 60 Hz elements by using an RC low pass filter, the RC filter usually has the long time constant, say about 200 ms, to reduce the power-line noise. That speed limitation is not acceptable for factory automation like controlling the heater. Generally, the output rate of 100 SPS is required and good enough for sensor application. Even if the output rate faster than 100 SPS is required, the proposed method enables the digital filter to be smaller circuit size than a simple series connection of the SINC filter and the notch filters, because the differentiators of the SINC filter and the integrators of the notch filters are cancelled out.
Conclusion
By reexamining the digital filter transfer function, the number of gates can be reduced by approximately 40% compared to simple serial connections comprising a SINC3 filter and a power-line noise suppression filter (notch filter), as shown in Table 1 . This enables the realization of a low-profile, lowpower ΔΣ A/D converter at an affordable cost that can be embedded into a variety of ICs.
